D espite angiographically normal epicardial coronary arteries, hypertensive patients experience frequent episodes of chest pain and are threatened by heart failure.1'2 Moreover, these patients often demonstrate abnormal findings in the exercise ECG and myocardial 20MT1 scan and abnormal lactate metabolism during pacing, suggestive of myocardial ischemia.3-5 A reduced coronary vasodilator capacity and increased minimal coronary resistance are reported in hypertensive patients both with and without left ventricular hypertrophy.4-6 Therefore, in the absence of coronary macroangiopathy, structural changes of the intramyocardial arterial vessels have been discussed as the underlying pathological process leading to myocardial ischemia. 4, 5, 7 In animal studies of hypertension, hypertrophy of the tunica media of cardiac arteries has been found, associated with augmented minimal coronary resistance.89 However, in patients with arterial hypertension, some morphological studies on this issue reported structural alterations of intramyocardial arteries,10411 whereas others did not. 6 The functional significance of structural alterations of intramyocardial arterioles is still unknown.
We therefore quantitatively studied the intramyocardial coronary arterioles (diameter, less than 100 ,um [Reference 12] ) from the subendocardial region of the right ventricular septum in patients with arterial hypertension and angina pectoris but without relevant coronary artery stenosis. An increase in minimal coronary resistance, causing a reduced coronary reserve in hypertensive patients, correlated with an augmented percent medial wall area of arterioles and the volume density of interstitial fibrosis.
Methods

Patients
All patients with essential arterial hypertension (n=14; 10 men and 4 women; mean age, 52±9 years) were referred to our clinic for evaluation of the coro- Right septal biopsies (usually two to six) were taken with a bioptome (Cordis) under fluoroscopic control before the hemodynamic investigations and immediately fixed in 4% buffered formalin, embedded in paraffin, and serially sectioned in 4-to 5-,um-thick sections for routine histological evaluation using hematoxylin and Elastica van Gieson (EvG) staining. Each biopsy sample was numbered, and evaluation was performed without knowledge of from which patient the tissue section was taken. Mean biopsy area was determined from each biopsy fragment using a grid with 100 points at a magnification of x40. Cor res indicates coronary reserve; MVo2, myocardial oxygen consumption (mL 02* 100 g`min-1); P aorta, mean aortic pressure (mm Hg); R cor, coronary resistance (mm Hg* min. 100 g. mL-1); R min, minimal coronary resistance after dipyridamole; V cor, coronary blood flow (ml . min`. 100 g-1); and NS, not significant.
Morphometry was performed on five sections of each biopsy fragment, where collagen was specifically stained reddish20 and the membrana elastica interna of arterial vessels was stained dark-reddish by EvG. All round, Exclusively collagenous fibers were measured around each arteriole and given as area of periarteriolar fibrosis, including the tunica externa (Fig 1) . Periarteriolar fibrosis was standardized to the total vessel area (area of periarteriolar fibrosis/total arteriolar area equals percent periarteriolar fibrosis). Volume density of total interstitial fibrosis (Vv% fibrosis), consisting of perimyocytic and perivascular collagen, was determined for the whole biopsy specimen. It 
Coronary Circulation
The data from normotensive subjects ( (Table 3 ). There was no significant correlation between left ventricular end-diastolic pressure, which can influence coronary vasodilator capacity by extravascular compression, and minimal coronary resistance (Fig 3) .
Intramyocardial Coronary Arterioles and Fibrosis
The mean number of biopsies per patient and mean biopsy size, representing the sampling depth under the endocardium, did not differ between the two groups ( Table 4 ). The numbers of round arterioles evaluated per patient also were not significantly different. Thus, sampling errors can be excluded.
In hypertensive patients, larger arterioles were more frequent (Fig 4) . This shift is already observed in arterioles with an external diameter of less than 21 gm.
Mean external diameter and mean arteriolar wall area were increased in the hypertensive group (Table 5) . Qualitatively, there was wall thickening mainly due to medial hypertrophy (Fig 5) . Correspondingly, quantitative data revealed a higher percent wall of intramyocardial coronary arterioles in hypertensive patients, leading to a reduction in relative lumen size. The percent wall decreased with increase of external diameter of arterioles in the hypertensive as in the normotensive group (Fig 6) . The slopes (hypertensives, -0.36; normotensive subjects, -0.22) were not significantly different. Thus, smallest arterioles are afflicted by vascular remodeling. Vascular remodeling was accompanied by a marked increase in periarteriolar fibrosis. This increase in perivascular fibrosis cannot be attributed to a larger external diameter of arterioles alone as the percent periarteriolar fibrosis also was increased, but it did not Folkow and colleagues,25 in experimental arterial hypertension arterial medial hypertrophy reduces the luminal diameter even when vascular smooth muscle is fully relaxed. This increment in the wall-to-lumen ratio of resistance vessels causes an increased vascular resistance. Our clinical data reveal that in patients with arterial hypertension, the walls of intramyocardial arterioles are thickened. Remodeling of the hypertrophied vascular wall leads to an increase in percent medial wall area, reducing the relative lumen and correlating with the increased minimal coronary resistance and the reduced coronary reserve. From this point of view, our morphometric data are in good agreement with an autopsy study of Tanaka and colleagues.1 These authors reported a percent lumen area of 28% for intramural arterioles of less than 60 ,um external caliber in hypertensives compared with a percent lumen area of 36% in controls. In this study, similar alterations were found in both the left and the right ventricular septum. As our data show that precapillary arterioles (external diameter of less than 20 pm) also have thickened walls, remodeling of the arterial network down to its smallest branches is to be assumed. As larger intramyocardial arterioles (more than 50 pm) are rare and there were no larger arteries to be observed in our study, we can only speculate on their structural-functional relationship. It is notable that wall thickening of intramyocardial coronary arterioles is found in the right septal subendocardium, which is not directly pressure overloaded. This suggests that the stress on the vascular wall or factors connected with the common coronary circulation are more important for wall thickening than myocytic load and hypertrophy. Thickening of the vessel wall can be caused by hypertrophy and hyperplasia of smooth muscle cells, increased content of water, augmented collagen content, and basement membrane thickening.26-29 A recent study has shown that increased blood pressure acts as a stimulus for aortic medial smooth muscle cell hypertrophy in spontaneously hypertensive rats. 30 It should be borne in mind that increased blood pressure is not the sole factor influencing remodeling of the arterial vessel wall. Thus, Plunkett and overall amount of perivascular fibrosis is a limiting factor for vascular distensibility.
High blood pressure was found to be associated with increased vascular collagen biosynthesis.41 It is to be speculated that increased stress on vascular walls may also stimulate interstitial fibroblasts responsible for the generation of collagen.42 Besides this, circulating hormones (eg, angiotensin II and the steroid hormone aldosterone) are responsible for mediating fibroblast growth.39 '43 In experimental arterial hypertension, fibrosis was observed only in the presence of elevated levels of angiotensin II and aldosterone but not at normal levels of the hormones, despite comparable systemic hypertension and left ventricular hypertrophy. 44 The increase in the microvascular permeability, reported in experimental hypertension,45 may be an additional stimulus for interstitial fibroblasts.
In summary, apart from vascular remodeling due to medial hypertrophy, impaired coronary vasodilator capacity was found to be associated with interstitial fibrosis in patients with arterial hypertension. Up to now, it is to our knowledge unknown whether the myocyte, the interstitium, and the vasculature are activated separately or by a common growth process. Multivariate analysis reveals that together percent medial wall area (%W) and volume density of total interstitial fibrosis explain 50% (r2=.5) of the variability of minimal coronary resistance. Further clinical and morphological variables do not relevantly contribute to the variability of minimal coronary resistance.
Study Limitations
Our patients were referred to the clinic because of angina pectoris and clinical suspicion of coronary heart disease. Therefore, the clinical and morphological data of these patients may only be representative of symptomatic hypertensives with clinical signs of myocardial ischemia. The majority of our patients had had multiple pretreatment; even though it was for the most part inadequate, it may have influenced left ventricular hypertrophy as well as the amount of fibrosis and vascular hypertrophy. Furthermore, morphometric data may be influenced by immersion fixation, as arterioles from biopsies cannot be fixed under defined perfusion conditions. It should be mentioned that approximately 10% of all patients do not achieve maximal coronary blood flow at the dose of 0.5 mg/kg body wt IV administered in the present study. However, administration of dipyridamole in a dose of 0.75 mg/kg body wt IV frequently creates major adverse reactions such as hypotension, tachycardia, and nausea.
